Abstract. We present a novel highly efficient method for the detection of a pharmacophore from a set of ligands/drugs that interact with a target receptor. A pharmacophore is a spatial arrangement of physicochemical features in a ligand that is responsible for the interaction with a specific receptor. In the absence of a known 3D receptor structure, a pharmacophore can be identified from a multiple structural alignment of the ligand molecules. The key advantages of the presented algorithm are: (a) its ability to multiply align flexible ligands in a deterministic manner, (b) its ability to focus on subsets of the input ligands, which may share a large common substructure, resulting in the detection of both outlier molecules and alternative binding modes, and (c) its computational efficiency, which allows to detect pharmacophores shared by a large number of molecules on a standard PC. The algorithm was extensively tested on a dataset of almost 80 ligands acting on 12 different receptors. The results, which were achieved using a standard default parameter set, were consistent with reference pharmacophores that were derived from the bound ligand-receptor complexes. The pharmacophores detected by the algorithm are expected to be a key component in the discovery of new leads by screening large drug-like molecule databases.
Introduction
A pharmacophore is the three-dimensional (3D) arrangement of features that is essential for a ligand molecule in order to interact with a receptor in a specific binding mode. An identified pharmacophore can serve as an important model in rational drug design, since it can aid in the discovery of new lead compounds that can bind to a target receptor. Many computational methods for pharmacophore identification have been developed [1, 2] . The methods are classified into direct and indirect methods. Direct methods use both ligand and receptor structural information. However, often the 3D structure of the receptor is unknown. In such cases, only indirect methods, which derive a pharmacophore only from a set of ligands that have been experimentally observed to interact with the receptor, are applicable. Generally, given a set of active ligands, the indirect methods search for the largest or highest scoring 3D pattern of features responsible for binding that is shared by all or most of the input ligands. If we represent the ligands by the 3D positions of the features that they possess, then a simpler variant of the problem is the largest common point set (LCP) problem in Computational Geometry, which is known to be NP-hard even when the input is only three 3D point sets [3, 4] . The pharmacophore identification problem is further complicated by the fact that drug-like molecules are flexible, namely they possess many internal degrees of freedom, due mainly to rotatable bonds. As a result, they may have many possible conformations. The specific ligand conformations that bind in the active site of the receptor are unknown. Thus, all the feasible conformations of each input ligand have to be considered.
Due to the hardness of the problem, no indirect method finds the optimal solution in polynomial-time. The various existing approaches mainly differ in: (i) the chosen feature descriptors and structure representation, (ii) their technique for addressing the ligand flexibility, and (iii) the pattern identification algorithm [1] . The different feature descriptors mainly depend on the desired level of resolution. At the highest level, a feature is defined as the 3D position of an atom associated with the atom type [5, 6, 7] . At the next (coarser) level, atoms are grouped into topological features like phenyl ring and carbonyl group [8] . Finally, at the lowest level of resolution, spatially adjacent atoms are grouped into physico-chemical functional features that are important for ligand-receptor binding, such as aromaticity, charge, hydrogen bonding and hydrophobicity [9, 10, 11, 12] . The ligands as well as the searched pharmacophore pattern are then described by the features that they possess, and their structures are represented mainly as 3D point sets [7] , distance matrices [13, 14] , graphs [15, 14] , or trees [16] . Most indirect methods treat the conformational search as a separate initial stage. A discrete set of conformations is generated with the goal of sampling the whole conformational space of each ligand [17, 11, 10, 9, 7, 5, 18, 19] . The main drawback of this approach is that the number of conformations required to cover the whole conformational space might be extremely large, especially for highly flexible compounds. An alternative approach is to combine the conformational search within the pattern identification process. The main advantage of this approach is that the search space is not limited to a precomputed discrete number of conformations. However, to date the methods that adopt this approach are based on a random search [8, 20, 6, 21] . Furthermore, even for the simplified problem of superimposing only a pair of (and not multiple) ligands, deterministic algorithms that do incorporate
